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Occurrence and characteristics of rock glaciers in the Poiqu River 
basin – Central Himalaya 
Rock glaciers are important to study as they can be of hydrological importance 
and could have serious hazard potentials. Existing investigations about rock 
glaciers in High Mountain Asia indicate that the landforms are abundant, but 
information is still rare for large parts of the region. We compiled a rock glacier 
inventory for the Poiqu River basin, Central Himalaya. The mapping was 
conducted using very high-resolution Pléiades imagery and digital elevation 
model and imagery available from Google Earth. Rock glaciers were classified 
either active or inactive based on interferograms generated using ALOS-1 
PALSAR data. Moreover, we developed a new method to automatically map the 
frontal slopes of the rock glaciers to investigate their activity. The results reveal 
370 rock glaciers including 148 active and 222 inactive ones.  We found nine 
rock glaciers damming lakes, three of which could be potentially dangerous. The 
overall rock glacier area is about 20.9 km2 which is more than 10% of the glacier 
area. The two largest rock glaciers cover 0.50 and 0.45 km². The rock glaciers are 
located at elevations between ~4000 and ~6000 m above sea level (mean 
elevations ~5100 m). Most of the rock glaciers face towards East and Southwest. 
The mean overall slope is 19.3° with the active ones being on average only 
slightly steeper (active: 19.7°, inactive: 19.0°). Their frontal slopes, however, are 
clearly steeper. The availability of very high-resolution data was key to generate 
a rock glacier inventory and allowed assessment of the rock glacier 
characteristics with high accuracy.  
Keywords: Himalaya; Tibet; Pléiades; InSAR; Digital Elevation Model (DEM), 
rock glacier inventory; frontal slopes 
Introduction 
Rock glaciers are distinctive geomorphological landforms, consisting of angular 
rock and ice which creep slowly downward due to gravity (Barsch 1996; Humlum 2000; 
Haeberli et al. 2006). Different opinions regarding the origin of the ice have been 
proposed but it is commonly accepted that rock glaciers are related to permafrost 




expression of cumulative deformation by long-term creep of ice/debris mixtures under 
permafrost conditions” (Berthling 2011). Rock glaciers typically display a complex 
transversal ridge-and-furrow structure due to compressive flow and are sometimes 
associated elongated ridges parallel to the flow (Haeberli et al. 2006). Rock glaciers are 
important geomorphological transport systems and can have a relevant contribution to 
water supply and alter river runoff (Jones, Harrison, Anderson and Betts 2018; 
Brighenti et al. 2019). Moreover, rock glaciers have been documented to  cause mass 
waste hazards on steep mountain slopes, threatening sensible infrastructure in some 
downhill areas (Kääb et al. 2005; Schoeneich et al. 2015).  
Rock glaciers are commonly classified into three groups according to their 
kinematic status and amount of the internal ice: active, inactive and relict ones (Barsch 
1996). Active rock glaciers are moving down-slope or down-valley (in the order of 
decimetres to a few meters per year). When the movement decreases because of ice loss 
in the body or due to decreasing rock and debris supply, rock glaciers become inactive. 
Relict rock glaciers still present the shape of a rock glacier but display much smaller 
volumes due to the loss of ice in its body. In addition, clear collapse structures are 
visible and typically vegetation already covers the surface (Barsch 1996; Berger et al. 
2004; Bishop et al. 2004; Haeberli et al. 2006; Necsoiu et al. 2016).  
The activity of rock glaciers can be measured by in-situ observations or by 
remote sensing including feature tracking of optical images (e.g. (Kääb et al. 1997; 
Kääb et al. 2021), Interferometric Synthetic Aperture Radar (InSAR) measurements or a 
coherence index from active sensors (Barboux et al. 2014; Bollmann et al. 2015; 
Bertone et al. 2019) 
In many studies, however, the activity has been presumed from the following 




Burger et al. 1999; Falaschi et al. 2014): Active rock glaciers have a steep (>35°) 
vegetation-free frontal slope and load fresh-looking and unstable boulders on the upper 
surface. In contrast, inactive rock glaciers show a gentler frontal slope with partial or 
full vegetation. The latter also presents a well-developed boulder apron at the foot of the 
frontal slope and stable boulders on the upper surface. In contrast, inactive rock glaciers 
show on average a gentler frontal slope with initial vegetation.  
Depending on the location, rock glaciers can additionally be separated into a) 
moraine-derived rock glaciers and b) talus-derived rock glaciers. The former develops 
beneath the terminal moraines of glaciers and transports mainly reworked glaciogenic 
materials (Lilleøren et al. 2013; Scotti et al. 2013). The latter develop below talus 
slopes and have no visible ice upslope. These landforms transport mainly rock 
fragments generated from the adjacent rock walls (Lilleøren et al. 2013; Scotti et al. 
2013). The latter develop below talus slopes have no visible ice upslope. These 
landforms transport mainly rock fragments generated from the adjacent rock walls 
(Lilleøren and Etzelmüller 2011). 
The knowledge about rock glaciers improved in recent  years in particular for 
the European Alps (Cremonese et al. 2011; Kellerer-Pirklbauer et al. 2012; Krainer and 
Ribis 2012; Scotti et al. 2013), Andes (Esper Angillieri 2009; Falaschi et al. 2014; 
Rangecroft et al. 2014; Falaschi et al. 2015), Carpathian mountains (Onaca et al. 2017) 
as well as in High Mountain Asia including the Tibetan mountains and the Himalaya  
(Schmid et al. 2015; Jones, Harrison, Anderson, Selley et al. 2018; Reinosch et al. 
2021) and the Tien Shan ( (Bolch and Gorbunov 2014; Wang et al. 2017; Blöthe et al. 
2019; Bolch et al. 2019). The only region where detailed knowledge about rock glacier 
characteristics and occurrence existed already several decades ago is the Northern Tien 




1998). Nevertheless, for large areas in HMA, e.g. for the most parts of the Himalaya 
located in Tibet, information about rock glaciers is sparse or not available, even though 
existing information shows that rock glaciers are abundant (Jones, Harrison, Anderson 
and Betts 2018; Reinosch et al. 2021). Moreover, mapping approaches and definitions 
are also varying amongst these studies.  
The main aims of this work are (i) to apply a consistent and integrative method 
to map and classify rock glaciers for the whole Poiqu River basin in central Himalaya in 
Tibet by using high resolution optical images together with InSAR measurements and a 
high-resolution digital elevation model, (ii) to test whether information about rock 
glacier activity can also be automatically derived from the frontal slope, and (iii) to 
analyse the characteristics of rock glacier occurrence and put them into the wider 
context of existing studies. 
Study Region 
The Poiqu River basin is located in central Himalaya, drains from the Tibetan 
Plateau into the Bote Koshi/sun Koshi watershed in Nepal and has an area of ~2000 km2 
(Fig. 1). The mean elevation of the study region is about 4900 m above sea level (asl.), 
with the maximum elevation being Shishapangma (8024 m asl.) and the lowest 
elevation measured at Friendship Bridge at the border to Nepal (1540 m asl.). 
Consequently, the mean annual air temperature is relatively low (3.8°C between 1967 
and 2017 at Nyalam weather station, 3750 m asl. (Zhang et al. 2019). The temperature 
showed a warming trend of 0.024 °C/yr , and precipitation a decreasing trend of -0.76 
mm/yr  during 1967−2017 from station observations (Zhang et al. 2019). Glaciers in 
this basin cover approximately 190 km² (in 2015) (Zhang et al. 2019) and preliminary 
assessments during field work confirmed the presence of rock glaciers (Fig. 2). The 




Himalaya orogenic belt. The tectonic unit is the high Himalayan crystalline basement 
mafic belt. The strata are pre-Sinian medium-deep metamorphic Nyalam Group and 
Nuqiecun Group (Li et al. 2006). Since the opening of the Kodari Highway along the 
valley, which links Kathmandu (Nepal) with Lhasa in Tibet/China, international trade 
and tourism between the two countries have been growing rapidly. About 200,000 
people live in the area whose major source of income is agriculture (Khanal et al. 2015). 
 
Fig. 1: Rock glacier inventory for the Poiqu River basin (central Himalaya) and 
identified potentially dangerous lakes dammed by a rock glacier. Background image: 






Fig 2: Two rock glaciers in the Poiqu basin. Left: moraine-derived rock glacier also 
displayed in Fig. 3 (Photo: J. B. Pronk, 2019). Right: Talus-derived rock glacier (Photo: 
T. Bolch, 2018). 
Data and data pre-processing 
Pléiades optical satellite imagery 
We acquired very high resolution Pléiades imagery, an optical earth observation 
system developed by the French Space Agency (CNES). Pléiades 1A and 1B, launched 
on 17th December 2011 and 2nd December 2012 respectively, consist of similar but not 
identical satellites that are placed at an altitude of 694 km. Pléiades comprises twin 
satellites that can produce multispectral and panchromatic images. The nadir resolution 
of the panchromatic and multispectral bands are 0.7m and 2.8m and resampled to 0.5m 
and 2.0m respectively (Gleyzes et al. 2012). Moreover, the panchromatic band has a 
radiometric resolution of 12 bits, considerably higher than ASTER and SPOT-5 (each 8 
bits), which provides better contrast in order to perform image matching in low contrast 
surfaces such as fresh snow or cast shadows. Pléiades offers an image swath of 20 km at 
nadir, and by adapting its viewing angle of up to 47°. The oblique viewing capability 
allows the satellites to revisit any point on the globe daily. Pléiades can also provide tri-




under different incidence angles, which makes us possible to generate multiple DEMs 
for the same scene for comparison (Durand et al. 2013).  
Ten different Pléiades 1A and1B tri-stereo images had to be acquired to cover 
the whole basin. The images were taken between 25th September 2018 and 4th 
November 2018 (Table 1). The images are provided in Dimap format and processed at 
level 1A with a base-to-height (b/h) ratio for their stereoscopic pairs ranging from 0.20 
to 0.48. We have orthorectified all the Pléiades nadir viewing images (0.5m spatial 
resolution) and then image mosaiced all of them based on their DEMs (1m spatial 
resolution) derived from the same stereo imagery.  
Digital Elevation Models 
To retrieve topographic parameters as well as supporting rock glacier mapping, 
we generated DEMs from the Pléiades tri-stereo bundle images. Along with Pléiades 
images, Rational Polynomial Coefficients (RPC) are distributed which provide the 
relationship between ground points and corresponding image points. DEMs were 
extracted with the software package Orthoengine of PCI Geomatica 2018 using RPC 
function model. We identified an average of ten well-distributed ground control points 
(GCPs) for each tri-stereo pair to perform the planimetric adjustment with a RMSE 
errors within < 1 pixels in x and y directions. GCPs were collected from Sentinel-2 
multispectral images (10 m spatial resolution) with the SRTM DEM (version 3.0 global 
1 arc second, 30m spatial resolution) as vertical reference. In order to improve the 
sensor model, one hundred tie points were generated using normalized cross correlation 
image matching algorithm for all combination of images, such as, backward, nadir and 
forward. Tie points with residuals less than one pixel resolution (average RMSE of 0.25 
pixels and 0.39 pixels in x and y directions respectively) were used for bundle block 




GCPs in the stereo model were on average 0.30 m 0.24 m in x and y directions 
respectively. We calculated three epi-polar pairs from forward, nadir and backword 
looking views. Then, we used the Semi Global Matching (SGM) algorithm with a high 
smoothing filter to generate DEMs of 1 m spatial resolution. Finally, all DEMs were 
mosaicked.  
We used the NASA Shuttle Radar Topography Mission (SRTM) Version 3.0 
Global 1 arc second DEM product for correcting topographic phases and geocoding in 
the InSAR analysis. The SRTM DEM was acquired during Feb 2000, with a spatial 
resolution of approximately 30 m. The nominal absolute height accuracy of the product 
is < 16 m (Farr et al. 2007). 
Table 1: An overview of the data used in this study 
Dataset Type Resolution Date Source 





     
     




Pléiades tri-stereo data 






     










Radar Satellite Imagery 
We computed a total of four differential SAR interferograms from the ALOS-1 




interferograms were processed in the two-pass approach with the InSAR Scientific 
Computing Environment (ISCE) package (Rosen et al. 2012). Standard processing steps 
included co-registration of the SAR acquisitions, multi-looked interferogram generation 
(2 looks in range and 5 looks in azimuth), estimation and removal of the topographic 
phase, filtering with a power-spectral filter and terrain corrected geocoding. Adopting 
the vertical accuracy of the DEM product as 16 m and the maximum perpendicular 
baseline as 1000 m, we can estimate that the residual topographic phase would be 
smaller than 1.8 radians, corresponding to about 3.4 cm in displacement. 
Table 2: List of interferograms made from ALOS-1 PALSAR data. Interferogram 






509/550 20070716-20070831 46 293 
509/550 20080116-20080302 46 487 
509/550 20071016-20080602 230 969 
509/550 20070716-20080718 368 -832 
Methods 
Mapping of rock glaciers 
Automatic mapping of rock glaciers is challenging, associated with high 
uncertainties and no standard method exists so far. Although deep learning in 
combination with object-based image analysis is promising (Robson et al. 2020), the 
manual rock glacier identification and digitisation using high resolution optical data to 
detect geomorphic indicators remains thus the optimal approach for inventory 
compilation. Indeed, (Robson et al. 2020) used this generated inventory for calibration 
and validation of their approach. The recently established working group for rock 
glacier mapping recommends further the use of InSAR data to support rock glacier 




In this study we used the high resolution Pléiades images to digitise rock 
glaciers with distinct front and flanks, manually, as a first step. After that we cross-
checked the outlines with the hillshade derived from the 1 m Pleaides DEM. This step 
helped to refine outlines and sometimes even new rock glaciers could be detected. In 
addition, we used Google Earth as additional source of information as it allows to see 
the rock glaciers from different viewing angles and change satellite images from 
different points in time with various sunlight conditions. InSAR data was considered for 
the mapping of the rock glaciers, but the signal was most of the time too weak to clearly 
detect rock glacier outlines. Whereas the determination of the lower limit of the rock 
glaciers is relatively straightforward, difficulties exist to define and limit the upper 
boundary (rooting zone). According to (Humlum 1998) and (Sattler et al. 2016), it is the 
zone of the rock glacier where permafrost creep starts, which is usually below 35°. We 
therefore applied a multiresolution segmentation using an object-based approach (scale: 
30, shape: 0.1, compactness: 0.5) within the rock glacier outlines and derived their mean 
slopes. Finally, we removed all areas, showing slope values of more than 35° in the 
upper boundaries.  
Kinematical and geomorphological classification 
In order to classify active and inactive rock glaciers we followed a two-step 
approach. First, we visually identified the activity of rock glaciers with the help of SAR 
Interferometry. This technique allows systematic and continuous monitoring of the 
movement of entire landforms in the satellite line-of-sight (LOS) direction at a scale 
ranging from individual slope faces to whole mountain ranges (Strozzi et al. 2020). 
Whenever distinct fringes were observable within one rock glacier polygon, we 
classified them to be active. As a second step, we also checked their activity based on 




This was necessary as several kinds of errors can be included in SAR interferograms 
such as decorrelation noise, residual topography contribution and atmospheric delays 
(Wang et al. 2017). Rock glaciers were classified to be active, if distinct flow structures 
with ridges and furrows at their surface and a fresh-looking front were observable 
(Strozzi et al. 2020).  
 
Fig. 3: Kinematic determination with the help of SAR interfereometry for two rock 
glaciers. 
 
Finally, we also visually classified the rock glaciers in moraine- and talus-
derived rock glaciers. Based on their source of rock material, rock glaciers were 




glaciers and as talus-derived when there was no visible ice upslope and hence likely 
resulted from transport of rock fragments from adjacent rock walls.  
Few rock glaciers are damming or at least partly damming lakes surrounded by 
steep headwalls. These lakes could release large volumes of water if the rock glacier 
dam fails and could pose a severe hazard to mountain communities and infrastructure 
downstream. We therefore also mapped the lateral slopes of the lakes and their 
headwalls to derive their mean slopes surrounding the lakes.  
Rock glacier front slope detection 
A further evidence of rock glacier activity is the slope angle of the rock glacier 
front. As the available data, especially the very high-resolution DEM, allowed to detect 
and calculate the frontal slope with high accuracy, we  a) automatically mapped the 
front of the rock glaciers in order to extract their slope angles and b) compared the 
slopes to the visually derived activity to investigate with which accuracy it is possible to 
detect their kinematic status based on the frontal slopes only. We first set up a 
processing chain, which performs an object-based multiresolution segmentation to 
derive the mean slope values over the whole rock glaciers (15°- <20°, 20° - <25°, 25° - 
<30°, 30° - <35° and > 35°) by using the slope calculated from the 1 m Pleiades DEM 
and the manually mapped rock glacier inventory. In the next step, the classified slope 
objects were postprocessed based on context and neighbourhood relationships. In 
addition, we developed a model in a GIS environment to derive the minimum point of a 
rock glacier. The model converted the rock glacier area into a raster, appended their 
corresponding elevation value derived from the Pléaides DEM, and obtained the 
minimum elevation value for each rock glacier based on summary statistics. Finally, the 






Fig. 4: Schematic overview of the method to derive the frontal slopes of rock glaciers. 
Results 
Inventory 
The results of the inventory reveal 370 rock glaciers covering an area of ~20.9 
km2. The two largest rock glaciers have an area of ~0.5 and ~0.45 km² and the next 
three largest present an area close to 0.3 km2. The five smallest rock glaciers have an 
area of less than 0.003 km2. The mean area of all rock glaciers in the Poiqu River basin 
is ~ 0.05 km2. Our study indicates that 148 rock glaciers can be classified as active and 
represent a total area of 12.5 km2 (mean area: 0.08 km²) whereas 222 can be classified 
as inactive with a respective total area of 8.4 km2 (mean area: 0.04 km²). This means 
that 40% of the glaciers are active rock glaciers covering ~ 60% of the area of all rock 
glaciers. Most of the rock glaciers in the study area can be classified as talus-derived 
rock glaciers (n=297, total area: 15.5 km2), another part as moraine-derived rock 




derived rock glaciers present overall steeper slopes (19.7°) but are smaller in area (0.05 
km2) than moraine-derived rock glaciers (0.08 km2, 17.8°). 
We found nine sites where rock glaciers are at least partly damming a lake (Fig. 
1). From these sites three could be potentially dangerous due to steep slopes and steep 
glaciers located in the upslope area making rock avalanches which could hit the lake 
more likely. Lake A is surrounded by a headwall with a mean slope of more than 47°.  
The Cirenmaco glacial lake (lake B) and lake C have a headwall slope of about 34°. The 
headwalls of the other lake-damming rock glaciers indicated slopes less than 30° (mean 
24°). 
The occurrence of rock glaciers shows a correlation with elevation over the 
whole sample (Fig. 5.). This coincides with decreasing precipitation and increasing 
average elevation. Around 28° north, the rock glaciers can be found at an elevation of 
4000 m, whereas at 28.5° their mean elevation is about 1500 m higher. Focusing on the 
longitude, we identify a decrease in the mean elevation towards the main valley (west) 
and an increase again in the east side. 
    
Fig. 5. Relationship between the mean elevation and the latitude (left) and 
longitude (right) in the study area. 
 
Plotting the area covered and number of glaciers per size class (Fig. 6) reveals a 




256 rock glaciers in number and only for 6.29 km2 in area. The two classes of 0.06 to 
0.1 km2 have in both cases the same amount of rock glaciers (~27) but a different area 
(~1.86; 2.41 km2). Rock glaciers between 0.1 and 0.2 km2 (n=43) cover an area of more 
than 5 km2 and rock glaciers larger than 2 km2 slightly less than 5 km2 (n=17). 
  
Fig. 6 Number of rock glaciers and area covered per size class 
 
The area-elevation distribution for all, active and inactive rock glaciers shows 
that they are located between ~4000 m and ~6000 m asl. with a mean elevation of 
~5100 m asl. (Fig. 7). The active rock glaciers are located slightly higher (average 5041 
m asl.) than the inactive ones (5008 m asl.). The highest active rock glacier was found at 
an elevation of 5750 m (mean elevation), and its rooting zone at 5797 m whereas the 
lowest at 3844 m (mean elevation) and its front at 3798 m. The highest inactive rock 
glacier was found at an elevation of 5708 m (mean elevation) and its rooting zone at 
5764 m, whereas the lowest at 3698 m (mean elevation) and its front at 3649 m. In 




inactive rock glaciers. Only in two distinct elevations bins, a) from 4100-4300 m and b) 
at 4800 m we found more inactive rock glaciers than active ones (Fig. 7). 
 
Fig. 7. Area-elevation distribution in 100 m bins for all, active and inactive rock glaciers 
 
More than 17% of all rock glacier area faces towards the E and the SW (> 16%) 
(Fig. 8). Around 14% of the area faces towards NW and the NE in the respective 
sectors. The smallest areas can be found in the SE (6.1%) and S (9.1%) sectors. Number 
wise, the highest amount is detectable in the SW and NE and the lowest amount of rock 
glaciers are detectable again in SE and E directions. Most of the area and also number 
of the active rock glaciers can be found in the sectors E and SW. The distribution for the 
inactive rock glaciers has also a clear peak in the NW (nearly 20%) and a distinct 
minimum in area in the SE direction (~5%). The largest number of inactive rock 






Fig. 8. Area distribution versus aspect per sector for all, active and inactive rock 
glaciers. 
 
Both active and inactive rock glaciers facing NW have on average about 300 m 
lower minimum elevations than SE facing ones. One would expect that the active rock 
glaciers have in all directions higher minimum elevations than inactive ones. This is, 
however, only true for the NE, E, and SW sectors. In all other sectors, active rock 
glaciers have always lower or equally high minimum averages. 
The mean slope of all rock glaciers is 19.3°, with the active ones being on 
average slightly steeper (19.7°) than the inactive ones (19.0°). Overall, 321 rock glaciers 
have a mean slope of less than 25°, forty a slope of between 25° and 30°, seven a slope 
between 30° and35° and two more than 35°. Only three inactive rock glaciers show a 
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The slope angles from the automatically identified fronts range from about 12° 
to 43° (average ~34°) of the active rock glaciers and from 11° to 38° (average ~24°) og 
the inactive rock glaciers (Fig. 9). There is a higher number of rock glaciers for the 
classes 10-20° and a smaller number for 20-30° for both active and inactive rock 
glaciers. The highest proportion is clearly visible for the classes greater than 30% (Fig. 
9). Interestingly, lower slope angles are detectable for all fronts of active rock glaciers 
inactive rock glaciers in the classes from 10-30°. Above 30°, the frontal slopes of active 
rock glaciers clearly surpass the inactive ones. The frontal angle thus clearly appears to 
be steeper on average for active rock glaciers.  
   
Fig. 9. Mean front slope angles of active and inactive rock glaciers 
Discussion 
Characteristics of rock glaciers 
Our rock glacier inventory of the Poiqu River basin includes 370 rock glaciers 
which cover an area of 20.9 km2. Of these 148 (12.5 km2, 40%) rock glaciers can be 
classified as active and 222 can be classified as inactive (8.4 km2, 60%). The rock 




investigated region. This is higher than in other parts of the Himalaya (0.6% (Pandey 
2019) or north-eastern Tien Shan (0.1% (Wang et al. 2017). The rock glacier density is, 
however, higher in northern Tien Shan in Kazakhstan where the total area of active rock 
glaciers only represents close to 13% of the glacier coverage (Bolch and Marchenko 
2009). 
The mean elevation difference of active and inactive rock glaciers in the Poiqu 
River basin is rather minimal (~ 30m). In other regions like the Tyrolean Alps or in the 
Bolivian Andes, the difference is more pronounced (~100 m) (Krainer and Ribis 2012; 
Rangecroft et al. 2014). This can be attributed to several phenomena: the conservative 
classification approach to separate rock glaciers in active and inactive rock glaciers, the 
upward shift of the 0°C isotherm over time is less pronounced in the Poiqu region than 
in the other regions, or to the fact that topographic inactivity is more pronounced in our 
study region. 
Active rock glaciers are commonly considered as indicators of the lower limit of 
discontinuous permafrost (Humlum 1998; Lilleøren and Etzelmüller 2011; Lilleøren et 
al. 2013; Scotti et al. 2013). From the lower limit of all active rock glaciers, we 
estimated the lower limit is at an elevation of approximately 4100 m asl. This is slightly 
less than the one found for the Himachal Himalaya (~4500 m) (Pandey 2019) but higher 
than in the Tien Shan where available data show the highest value in the Ak-Shirak 
range, Central Tien Shan (about 4020 m asl., (Bolch et al. 2019)) and clearly lower 
values in the outer ranges (northern Tien Shan in Kazakhstan: 3200 m, (Bolch and 
Gorbunov 2014); north-eastern Tien Shan in China ~2700 m (Wang et al. 2017)). On a 
global view, this is lower than the one found in the Bolivian Andes (4700 m asl.) and 




parts of the Argentinean Andes at around 30° S (3600 m asl) (Esper Angillieri 2009) 
and the Tyrolean Alps (2500 m) (Krainer and Ribis 2012).  
Most of the active rock glaciers can be found in the E and SW sectors. This 
pattern is thus different to the one found in the Nepalese Himalaya (Jones, Harrison, 
Anderson, Selley et al. 2018), north-eastern Tien Shan of China (Wang et al. 2017),  the 
Himachal Himalaya (Pandey 2019), central Italy and southern Carpathians (Onaca et al. 
2017; Scotti et al. 2013). The majority of the latter rock glacier inventories have a 
northerly aspect distribution signifying that slopes with lower potential incoming solar 
radiation are also the most suitable slopes for rock glacier development. In our case this 
is different and we believe that this pattern is mostly reducible to the topography and 
geometric factors in our study region (Aizen et al. 1995; Li and Li 2014). Looking at 
Fig. 1 it becomes obvious that the main mountain ridges have mostly a diagonal 
direction which forces the rock glaciers to develop either on the NE or SW part.(Jones, 
Harrison, Anderson, Selley et al. 2018), north-eastern Tien Shan of China (Wang et al. 
2017), the inventory of rock glaciers in the Himachal Himalaya (Pandey 2019) central 
Italy and southern Carpathians (Onaca et al. 2017; Scotti et al. 2013). The majority of 
the latter rock glacier inventories have a northerly aspect distribution signifying that 
slopes with lower potential incoming solar radiation are also the most suitable slopes for 
rock glacier development. In our case this is different and we believe that this pattern is 
mostly reducible to the topography and geometric factors in our study region. Looking 
at Fig. 1 it becomes obvious that the main mountain ridges have mostly a diagonal 
direction which forces the rock glaciers to develop either on the NE or SW part. 
We also found a strong correlation of the geographical locations on the altitude 
distribution for the whole sample. The mean elevations generally increase from south to 




again. This correlation was also visible in the Tien Shan and Himachal Himalaya rock 
glacier inventory (Pandey 2019; Wang et al. 2017). In the latter one, the mean altitude 
per latitude decreased from south to north in contrast to our findings.  
This dependence on the altitude should also be investigated together with the 
mean annual air temperature (MAAT). The facts that the MAAT also decreases with 
altitude and the precipitation regime gets drier towards the Tibetan Plateau, implies that 
booth climatic parameters may influence ground thermal conditions and thus the 
formation, evolution and survival of the rock glaciers similar as ground elsewhere 
(Barsch 1977; Haeberli 1983; Baroni et al. 2004). In response to the increasing 
continentality from south to north also the equilibrium line altitude (ELA) of the 
glaciers increases, expanding the niche for rock glacier development (Rangecroft et al. 
2014). How much the characteristics of the contribution area (e.g., area, slope, headwall 
and elevation range, Bolch and Gorbunov 2014) plays a role in the distribution of the 
rock glaciers remains to be investigated. 
For the first time, the frontal slopes of rock glaciers were mapped automatically 
for all identified rock glaciers. Our results indicated that slope angle of the front is 
lower for inactive rock glaciers as also shown elsewhere (Ikeda and Matsuoka 2002). 
The scatter, however, is considerable which indicates the heterogeneity of the rock 
glaciers but can in part also be attributed to the inaccuracies of the automated 
identification of the rock glacier fronts. Our investigation could not prove, that rock 
glaciers are classified in to active and inactive ones by the frontal slope only and the 
thresholds suggested in literature (Ikeda and Matsuoka 2002) are not ubiquitous. We 
also assume, that the thresholds are conditional to the lithology of a region (Krainer and 




The rock glacier inventory revealed also some potential hazards in combination 
with some lakes. We identified three sites which could potentially be hazardous due to 
a) future melt of the ice core of the rock glacier destabilising the “damming” landform 
or b) slope destabilisation due to seismic activities, avalanches or glacier break off in 
combination with a flood wave (Chen et al. 2019). Lake B,  Cirenmaco lake, in the 
Zhangzangbo valley has already received negative public attention after its damaging 
1981 outburst flood (Wang et al. 2015) and was also detected by an automated Tibet 
wide assessment as highly dangerous lake (Allen et al. 2019). However, a more detailed 
integrated hazard assessment is recommended to assess their hazard susceptibility and 
risk to the downstream areas.  
Data and methodological constraints 
The availability of very high optical resolution data in combination with a very 
high-resolution DEM (spatial resolution of 1m which is rarely available for a remote 
region like the Poiqu) was key for high accuracy. At the initial stage of our study the 
mapping was done using the best available free data sources: Sentinel 2 images with 10 
m spatial resolution and a hillshade derived from the 8 m High Mountain Asia DEM 
(Shean 2017). Only on a later stage we could purchase tri-stereo Pléiades optical 
satellite imagery with a resolution of 0.5 m. After this re-assessment the numbers of 
rock glaciers reduced only slightly (by eight rock glaciers) but the area covered by the 
rock glaciers were reduced by about 50%. The main reason is that the higher resolution 
data enabled us to better identify the rock glacier boundaries especially in the upper 
areas of the rock glaciers and for rock glaciers without clearly identifiable distinct fronts 





The availability of a very-high resolution DEM also enabled us to perform the 
automatic mapping of the frontal slopes of the rock glaciers. Only with such a DEM the 
slope break in the front of the rock glacier can, in combination with Object Based Image 
Analysis (OBIA), be mapped with the required precision.  
Deriving uncertainties for rock glacier outlines is even more challenging as for 
glaciers with debris cover (Paul et al. 2013). This was confirmed by a multiple 
digitizing experiment performed by (Brardinoni et al. 2019) on rock glaciers in the 
Austrian Alps. This study shows a high inter-operator variability together with an 
increase in the number of mapped landforms when high resolution data are available.  
In addition, Brardinoni et al. (2019) state that the variability of the mapped 
landforms is larger when mapping relict rock glaciers. This is because active and 
inactive rock glaciers still incorporate a high proportion of internal ice (may produce an 
arcuate ridge), whereas relict rock glaciers are ice-free, thus leading to a decrease in the 
frontal slope to the angle of repose. 
In order to reduce the uncertainty and the subjectivity the mapping was 
performed at least three times and cross-checked with independent operators. In 
addition to that, we also converted the shape files to a kml file for further examination 
in Google Earth as successfully applied in other studies (Schmid et al. 2015). 
Nevertheless, the mapping of the rooting zone and their separation to the 
headwall remained most challenging. In order to be consistent, we removed areas in the 
rooting zone if they were larger than 35°.  
The number of active rock glaciers (ARGs) we compiled is a conservative 
estimate due to the following reasons: First, we may have missed some ARGs due to the 
geometric distortions such as shadows and layovers in the SAR signal. Second ARGs 




ground motions along these directions. Finally, some small ARGs could not be 
identified as the interferogram maps have a moderate resolution of about 15 m (cf. 
Wang et al. 2017). Nevertheless, the InSAR approach has been proven useful and was 
also applied elsewhere to assess rock glacier activity (e.g., Barboux et al. 2014). 
In many cases field knowledge helps to aid rock glacier delineation and to assess 
their kinematic status, but this is time consuming, costly and often also dangerous. As 
such, an automated methodology is needed that the mapping is more objective and 
traceable. In the recent years new methods have been developed, to better discriminate 
between active and inactive rock glaciers by backscatter and coherence rasters (Bertone 
et al. 2019) or by logistic regression, support vector machine and random forest 
classifier (Kofler et al. 2020).  Robson et al. (2020) used deep learning with object-
based image analysis to map rock glaciers over regional scales with promising results as 
the amount of manual work was significantly reduced. 
7. Conclusion 
The results of our inventory for the Poiqu River basin reveal in total 370 rock 
glaciers (148 active and 222 inactive) covering an area of about 20.9 km2 for the year 
2018. The rock glaciers are located between ~4000 m and ~6000 m with a mean altitude 
of ~5100 m a.s.l. and face mostly towards the East (17%) and Southwest (16%). The 
mean overall slope of all rock glaciers is close 19.3° (active: 19.7°, inactive: 19.0°). We 
also found nine rock glaciers damming lakes, of which three of them could potentially 
be dangerous. 
However, accurate mapping rock glaciers and identification of their activity is  
challenging and high-resolution data is key in this regard. The acquisition of very high 




even small rock glaciers in the study region. The use of InSAR supported the 
distinguishing between active and inactive rock glaciers.   
The available high resolution data sets enabled us to develop of a method to 
automatically map the front slopes of the rock glaciers based on an object-based 
approach and subsequently derive their mean slopes in order to get an indication of their 
activity. We could confirm that active rock glaciers have overall steeper slopes than 
inactive ones when considering all rock glaciers with a mean frontal slope of greater 
than 30°. 
The generated rock glacier inventory is of high accuracy and an important 
baseline data set can for modelling purposes or estimations of the hydrological 
importance. 
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